Conventional batch dibromocyclopropanations by reaction of bromoform and alkenes under phase-transfer conditions require strong base (50% NaOH (aq)), vigorous stirring, and often long reaction times. Using flow chemistry in a microreactor, the reactions were found to be smooth, rapid, and high-yielding under ambient conditions when 40% (w/w) NaOH was used as the base. The reaction has been tested with a representative selection of alkenes, displaying a variety of structural features.
Introduction
gem-Dibromocyclopropanes are important substrates in organic synthesis where they have been used as versatile intermediates for the syntheses of other interesting compounds like allenes [1, 2] , cumulenes [3] , cyclopentadienes [4, 5] , cyclic acetals [6, 7] , and furans [8] . They have also been found useful in the syntheses of many natural products, as emphasized in several reviews [9] [10] [11] . New methods for their exploitation are still under development [11] .
The phase-transfer catalyzed two-phase dihalocyclopropanation of alkenes, since its discovery by Makosza [12] , has become a well-established, widely used method in organic synthesis, and is still one of the most effective methods for preparation of gem-dibromocyclopropanes [9, 11, 13] .
Traditionally, the Makosza conditions involve vigorous stirring of a solution of the alkene substrate and haloform (CHX 3 , X=Cl, Br) with a concentrated (50% (w/w)) solution of NaOH (aq) under phase-transfer catalysis (PTC) conditions.
The phase-transfer catalyst facilitates mass transport across the interface between the two immiscible liquid phases (organic phase and NaOH (aq)), which is essential for the reaction, and vigorous stirring is crucial to make this interface as large as possible. Stirring-speed is an important parameter for the reaction rate, conversion, and yield [14] [15] [16] .
During the last decade or two, microreactor technology has emerged as an attractive alternative to conventional batch chemistry [17] [18] [19] [20] [21] , and in 2003, the capillary-microreactor was introduced as a new reactor concept [22] .
In microreactors, where reactants are mixed in narrow channels, short diffusion lengths and a high surface-to-volume ratio result in rapid mass and heat transfer. This in turn improves control of reaction conditions and may contribute to increased rate and selectivity of reactions.
When two immiscible liquids are introduced into a microchannel, they naturally separate into distinct phases with a large specific interface area, often in the form of alternating liquid slugs flowing through the microchannel [23] . Internal circulation within these slugs results in an increased mass transfer compared to, e.g., parallel flow [24, 25] (Figure 1 ). Slug-flow reactors have been used, e.g., for nitration of aromates [22] , arylation of arylbromides [26] , and Wittig reactions [27] , and, thus, seemed to be an interesting method also for the two-phase dibromocyclopropanation of alkenes.
Results and Discussion
Cyclohexene was used as a model substance in the initial experiments, with benzyl triethylammonium chloride (TEBA) as the phase-transfer catalyst and bromoform as the dibromocarbene precursor (Scheme 1).
The setup for our experiments is shown in Figure 2 . In the traditional two-phase system, a 50% (w/w) solution of NaOH is used [10] [11] [12] 14] . During initial experiments using this viscous base solution, clogging was a severe problem, and for this reason, we used only 40% (w/w) NaOH (aq) as the base. Initially, equimolar amounts of cyclohexene and bromoform and 0.9 mol% TEBA (relative to cyclohexene) were mixed in a 1-mL glass microchip reactor (reaction time: 1 min). The aqueous-to-organic volumetric flow ratio (AO ratio) was 1. This resulted in very low yields of the dibromocarbene adduct 1 ( When the amounts of bromoform and phase-transfer catalyst were increased to give a ratio of cyclohexene-bromoform-TEBA of 1:1.5:0.026, some improvement in the yield could be seen (Table 1 , Entry 5). Increasing the concentration of TEBA to 4.2 mol% (relative to cyclohexene), only left the reaction more prone to clogging, even when the solution was diluted to half its original concentration and the microchip was changed to a Y-mixer (Table 1 , Entries 6-9). The best yields of dibromocyclopropane 1 obtained were 31-34%. These yields were obtained when the microreactor chip (acting as a micromixer) or a Y-mixer was used together with the 25 mL tube reactor. Exchanging the microreactor chip for a Y-mixer did not significantly improve the yield, and clogging also occurred.
Ultrasonication has been reported to increase the yield in a phase-transfer catalyzed reaction between cyclohexene, bromoform, and solid NaOH [28] . Also, Ahmed-Omer et al. [29] found that sonication increased the reaction rate of a hydrolysis reaction in combination with segmented flow. In addition, ultrasound has been used to prevent clogging in a microreactor [26] . However, we did not observe an increase in yield when our tube reactor was subjected to sonication (Table 1, Entry 6).
Since a solution of 45% (w/w) KOH in water is less viscous/ concentrated than a 40% (w/w) NaOH solution in water [30] , we decided to try to use this KOH solution as the base. The catalyst (0.12 wt.% TEBA) was added to the water phase. The amount of TEBA relative to the cyclohexene was only 0.3 mol% (and 0.014 mol% relative to the KOH solution) which is close to the maximum amount (0.0157 mol% relative to the KOH solution) that is soluble in the 45% (w/w) KOH (aq) according to literature [31] . Different tube reactor lengths and flow rates were tried, giving reaction times from 6 to 50 min. Only low yields resulted ( Table 1 , Entries 10-13).
Jovanovic et al. [31] successfully used a solution of 45% (w/w) KOH (aq) containing 0.12 wt.% TEBA (aq) for the PTC alkylation of phenylacetonitrile. They found that increasing the AO ratio increased the yield of alkylation product. This can be attributed to the decreased organic slug size and increased average surfaceto-volume ratio yielding an increased rate of catalyst transfer across the liquid-liquid interface area, and also increasing the internal circulation of the organic interslug [31] .
When we increased the AO ratio to 4, using 45% (w/w) KOH (aq) as the base, an increase in the yield of dibromocyclopropane was observed (Table 1 , entry 14), but at AO ratio of 9, the yield decreased (Table 1 , Entry 15). This is in accordance with the existence of an optimum flow ratio with a maximum productivity as described in the literature [31] . Using CHBr 3 as the solvent instead of CH 2 Cl 2 (Table 1, Entry 16) resulted in lower yields. With the rather poor yields, further optimization using the 45% (w/w) KOH (aq) solution was abandoned.
However, when the base was changed to 40% (w/w) NaOH (aq) with an AO ratio of 4, the yield was drastically improved ( Table 2 , entry 1). Since the equipment still got clogged from time to time, we tried the reaction without using a backpressure regulator. The same yields were achieved without any clogging ( Table 2 , compare entries 1 and 3, and entries 4 and 5). Utilizing these conditions on several other alkenes, excellent yields were obtained. The only exception was the monosubstituted alkene, 1-heptene, where moderate yields were observed, even when the amount of bromoform was increased from 1.5 equivalents to 2 equivalents relative to the alkene ( Table 2 , Entries 8-9). This is in accord with the wellknown observations that the rate of reaction will increase with increased alkene substitution [38, 39] .
Using 1,3-cyclohexadiene as a substrate, a small amount of the bisadduct 8 was observed ( 1 H NMR). This is probably due to the fact that a ratio of CHBr 3 to alkene of 1.5 was used, but this has not been investigated further.
To extend the scope of the reaction we did one experiment with chloroform as the carbene precursor reacting this with 2,3-dimethyl-2-butene. The yield is comparable to previously reported ones ( Table 2 , Entry 14), clearly showing that also dichlorocyclopropanes are achievable by this method.
However, since the gem-dibromocyclopropanes are reported to be generally more reactive than the corresponding gemdichlorocyclopropanes [9] and, thus, are more interesting as intermediates in organic synthesis, we focused our attention on the gem-dibromocompounds and did not elaborate further along synthesizing the dichlorocompounds.
Conclusions
Flow chemistry in a microreactor was successfully used for dibromocyclopropanation of alkenes under phase-transfer catalysis (PTC) using 40% (w/w) NaOH (aq) as the base. Good to excellent yields in less time than for batch chemistry were obtained. Yields comparable to the ones reported from ordinary batch reactions using the same phase-transfer catalyst were achieved.
Emulsion problems often reported to occur during workup [40] was under the conditions reported herein, only an issue for 1,1-dibromo-2-(chloromethyl)-2-methylcyclopropane (9) .
Thus, the use of microreactor technology should be an interesting alternative for the Makosza reaction (compared to the traditional batch chemistry).
4. Experimental 4.1. General. All chemicals were purchased from commercial suppliers and used without further purification unless otherwise stated. Benzyltriethylammonium chloride was purchased from Sigma-Aldrich. Flash column chromatography was performed on silicagel (Merck Kieselgel 60, (0.040-0.063 mm, 230-400 Mesh ASTM)/Celite 545 coarse (calcined) or aluminum oxide (Fluka, type 507C neutral, 100-125 mesh (pH 7.0 ± 0.5)). In order to degas the dichloromethane, it was sonicated for 15 min prior to use in the flow system. The routine NMR spectra were recorded using CDCl 3 as a solvent and TMS as a reference. 1 H NMR spectra were recorded at 300 or 400 MHz, and 13 C NMR spectra were recorded at 75 or 100 MHz. NMR resonances are given only when literature spectra are not found or when our spectra have significantly better resolution than previously reported spectra. The flow [41] . The flow chemistry system described above was used with the Y-mixer, the 25 mL tube reactor, a 1.0-mL sample loop containing a solution of cyclohexene (1.44 mmol), CHBr 3 (2.15 mmol), 4.2 mol% TEBA (relative to alkene) and 0.6 vol% ethanol (absolute) in CH 2 Cl 2 , and a 5-mL sample loop (PTFE, Syrris Ltd.) containing the 40% (w/w) NaOH (aq) solution (CAUTION: strong, viscous base). The sample loop containing the 40% (w/w) NaOH (aq) solution was filled very slowly and with great care, due to the high viscosity of the strongly basic NaOH solution and danger of spillage due to pressure buildup. No backpressure regulator was used. The two solutions were simultaneously introduced into the flow system at a total flow rate of 0.50 mL/min (flow rate NaOH: 0.40 mL/min, flow rate organic solution: 0.10 mL/min) at room temperature, i.e., a residence time of 50 min and an AO flow ratio of 4. The mixture was fed into brine (50 mL), and the flow was collected for 77 min at this flow rate and then for 4 min at 2 × 1 mL/min (to flush the system). The pressure in the system was 1-4 bar. Pentane (100 mL) was added to the reaction mixture, and the two layers were separated. The aqueous phase was extracted with pentane (or hexane) (3 × 50 mL), and the combined organic phases were washed with brine (2 × 50 mL), dried (MgSO 4 ), filtered, and concentrated in vacuo. The residue was purified by filtering it through a plug made of 0.5 cm silica and 0.5 cm Celite using pentane as the eluent. Concentration in vacuo yielded a mixture (0.31 g) containing 7,7-dibromobicyclo[4. 4.2.6. 7,7-DIBROMO-2-OXABICYCLO[4.1.0]HEPTANE (6) [50] . CAUTION: It has been reported that this compound may decompose violently while distilled (vacuum distillation/90°C) [35, 50] . In the work-up procedure, ethyl acetate replaced pentane, and the product mixture was purified by filtration through a plug made of 1 cm aluminum oxide, using pentane as the eluent. Yield was 0.32 g of a mixture containing the dibromide 6-bromoform, 94:6, according to 1 H NMR. Estimated yield of 6 was 0.30 g, 81%.
The spectral data were in accordance with the literature [35] . [52] . Yield was 0.26 g of a mixture containing the dibromide 7-tetrabromide 8-bromoform in Table 2 . Dihalocyclopropanation of a selection of alkenes using 40% (w/w) NaOH (aq) at AO ratio: 4 1 H NMR. Estimated yield of 7 was 0.22 g, 65%, and of tetrabromide 8, 0.038 g, 9%. The spectral data were in accordance with the literature [53] . Two-Phase Dibromocyclopropanation of Alkenes 4.2.8. 1,1-Dibromo-2-(chloromethyl)-2-methylcyclopropane (9) [54] . The solvents were carefully removed in vacuo at/or just below room temperature. Yield was 0.34 g of a mixture containing the dibromide 9-bromoform, 63:37, according to 1 H NMR. Estimated yield of 9 was 0.21 g, 57%. The spectral data were in accordance with the literature [37] .
4.2.9. 1,1-Dichloro-2,2,3,3-tetramethylcyclopropane (10) [55] . Purification was done by careful removal of solvents by distillation at ambient pressure to give a residue of white crystals of 10 (0.15 g, 63%), mp. 49-50°C (lit. 49.8-50.5°C [55] ). The spectral data were in accordance with the literature [56] .
